Introduction
Fixtures are used to locate, support and completely constrain the workpiece during machining. The design of a fixture that permits accurate machining of the workpiece by keeping the contribution of workpiece/fixture elastic deformation to the machining error within the specified tolerance is a critical step in process planning. An important aspect of fixture design is the optimization of the fixture layout, i.e., positions of locators and clamps, and clamping force͑s͒, such that workpiece deformation due to clamping and machining forces is minimized.
In the last decade and a half, many researchers have turned their attention to developing a formal methodology for fixture design. King and Hutter ͓1͔ and DeMeter ͓2,3͔ used rigid body models for the analysis and synthesis of optimal fixture layouts. Li and Melkote ͓4͔ used contact elasticity models for the analysis of fixture-workpiece systems. Lee and Haynes ͓5͔ and Menassa and DeVries ͓6͔ used the finite element method ͑FEM͒ for fixture design and analysis, and Liao and Hu ͓7͔ used it for fixture layout optimization. Cai et al. ͓8͔ extended the work of Menassa and DeVries to include synthesis of fixture layouts for sheet metal assembly. DeMeter ͓9,10͔ presented a FEM-based support layout optimization procedure with computationally attractive qualities. The Guyan reduction technique was used to speed up the model solution process.
Most of the above studies address either fixture layout or clamping force optimization but not both simultaneously. In addition, they use nonlinear programming ͑NLP͒ methods, which often do not give ''global'' or ''near-global'' optimum solutions. Solutions obtained from these models are very sensitive to the initial feasible fixture layout/clamping force used as input to the optimization process. Furthermore, optimization of the layout for the entire tool path is typically not considered. The problem of fixture design optimization is nonlinear because there exists no direct analytical relationship between the objective function and design variables, i.e., between the machined surface error and the fixture parameters ͑locator and clamp positions and clamping forces͒. For a compliant workpiece, the finite element model has to be solved numerically to obtain the workpiece elastic deformation which contributes to the overall machining error.
Previous research has shown the suitability of GA's for such problems. Wu and Chan ͓11͔ used the GA to determine the most statically stable fixture layout. Ishikawa and Aoyama ͓12͔ applied the GA to determine the optimal clamping condition for an elastic workpiece. Lee et al. ͓13͔ used the GA for workspace synthesis for flexible fixturing of stampings using programmable fixture elements. However, their work did not include the effect of clamping forces. Kulankara and Melkote ͓14͔ used the GA for fixture layout optimization for 2-D fixturing problems. They did not address clamping force optimization in their work. The primary limitation of these works is that they do not address the combined effect of layout and clamping force optimization on fixture performance. Ideally, a fixture designer utilizes both design variables for optimizing the fixture performance. This paper presents an algorithm for iterative fixture layout and clamping force optimization of a compliant workpiece using the GA. The paper is organized as follows. Section 2 presents a brief introduction to GA's. This is followed by the description of the approach used in this work. Section 4 presents the mathematical description of the problem. Section 5 discusses the finite element modeling and solution details for an example fixturing problem. The results of independent versus iterative layout and clamping force optimization for the example problem are presented and discussed in section 6. Finally, the main conclusions of the paper are summarized in section 7.
Genetic Algorithm "GA…
GA's are robust, stochastic and heuristic optimization methods based on biological reproduction processes ͓15͔. They are extremely useful for optimizing complex systems with nonlinear functions and/or a large number of design variables. GA's start from a randomly generated initial population, i.e., a large search space rather than a single candidate and employ a set of biologically inspired operators to carry out certain operations on the initial population in their quest for a global optimum.
The basic idea behind the GA is to simulate ''survival of the fittest'' phenomena. Each individual candidate in the population is assigned a fitness value through a fitness function tailored to the specific problem. The GA then uses reproduction, crossover and mutation processes to eliminate unfit individuals and the population evolves to the next generation. Sufficient number of evolu-tions of the population based on these operators leads to an increase in the global fitness of the population and the fittest individuals represent the best solutions. The course of the GA and its convergence are controlled by the population size ( P s ), the probability of crossover ( P c ) and the probability of mutation ( P m ). The algorithm converges if either the number of generations over which no change in the best value of the fitness function in a population, N chg , reaches a pre-defined value NC max , or if the number of generations, N, reaches the specified maximum number of evolutions, N max .
Overview of Approach
The block diagram shown in Fig. 1 illustrates the overall process. In the implementation discussed in this paper, a commercially available finite element analysis software, ALGOR ® ͓16͔, was used to build the finite element model of the workpiece. This software was chosen since it can output the global stiffness matrix for a general workpiece mesh. The global stiffness matrix is extracted from the finite element software and the layout/clamping force algorithm starts with the stiffness matrix as input. The layout and clamping force optimization algorithms have been developed to handle any 3-D geometry that has been meshed using elements with three degrees of freedom at each node.
Other inputs required for the algorithm are the machining forces and the sequential order of the finite element nodes representing the machined surface. Predictive process model for end milling ͓17͔, the process considered here, is used to predict the machining forces. The user inputs the candidate locating and clamping regions by specifying the workpiece nodes that are bounded by them. The machining error, i.e., workpiece form error, can be directly related to the maximum workpiece elastic deformation at the machining point. Assuming that the number of fixture elements and the potential regions on the workpiece surface where they need to be applied are known, optimal fixture design involves determining the fixture layout and clamping forces that minimize the maximum deformation of the machined surface over the entire cutting operation.
The computer program developed in this work consists of two modules: the layout optimization module and the clamping force optimization module. In order to apply the GA for layout optimization, a convention for coding the design variables ͑positions of locators/clamps͒ into an integer string is needed ͓14͔. The convention consists of mapping the finite element node numbers ͑in the candidate locating/clamping regions͒ to successive integer values. For example, the string length for the example problem shown later in Fig. 7 is six since it has four locators and two clamps. Each element in the string can take on values between one and the total number of nodes in the candidate region. This string is mapped to the actual node numbers in the candidate region and appropriate boundary conditions are applied to these nodes before solving the finite element model. The clamping forces are fixed during layout optimization.
The GA randomly generates a population of strings, which represent different layouts. The GA uses this population for the optimization. The fitness value, i.e., the maximum workpiece elastic deformation, is evaluated for each integer string in the population. This is done by solving the finite element model of the workpiece after application of the boundary conditions and the cutting loads for each point along the tool path. The layout optimization procedure is summarized in the flowchart shown in Fig. 2 . Note that, since the GA deals with only the design variables and objective function value for the problem; no gradient information is required.
In the clamping force optimization module, the positions of the fixture elements are fixed and the range of the clamping forces for each clamp is supplied as input to the GA. The GA then generates random integer-valued combinations of the clamping forces for optimization. The clamping force optimization procedure is summarized in the flowchart shown in Fig. 3 .
The control parameters of the GA, namely P s , P m , P c , N max and NC max have to be input before the optimization can begin. The values for these parameters have to be determined empirically. For the work described in this paper, the following parameter values were determined and used in the model simulations presented later: P s ϭ30, P c ϭ0.85, P m ϭ0.01, N max ϭ100, and NC max ϭ30.
These values were obtained by varying the parameters and studying their effect on the GA convergence ͓18͔. A library of parallel GA routines developed in the C programming language ͓19͔ was used to implement the proposed method. Note that the general problem of optimizing the number of fixture elements is not considered in this paper. In most cases, the shape and geometry of the component, and the machining operation to be performed determine the number of fixture elements. Transactions of the ASME
Mathematical Model
A feasible fixture layout has to satisfy two constraints. First, the locators and clamps cannot apply tensile forces on the workpiece. Second, the Coulomb friction constraint must be satisfied at all fixture-workpiece contact points. For a problem involving p fixture element-workpiece contacts and n machining load steps, the optimization problem can be mathematically stated as follows
Subject to
where ⌬ j refers to the maximum elastic deformation ͑in the X, Y or Z direction͒ at a machining point in the jth step of the machining simulation, is the static coefficient of friction, F Ni is the normal force at contact i and F t1i and F t2i are the tangential forces at the ith contact. This problem falls into the category of integer programming with nonlinear constraints. In addition, the nature of the problem suggests a multi-modal objective function with many local optima, thus making it ideally suited for solution by the GA.
Finite Element Model and Solution
The finite element modeling and solution details for an example milling fixture design optimization problem are presented in the following sections.
Workpiece Geometry and Properties.
The workpiece material assumed in the example is cast aluminum 390 alloy ͑elas-tic modulus Eϭ71 GPa, Poisson's ratio ϭ0.3͒. The outer dimensions of the workpiece are 152.4 mmϫ127 mmϫ76.2 mm and the wall thickness is 25.4 mm. Hollow workpiece geometry is chosen to highlight the effects of workpiece compliance ͑see Fig. 4͒ . The finite element model of this workpiece is shown in Fig. 5 and its details are given in Table 1 . Mesh size convergence studies showed that the mesh density selected for this work was adequate ͓18͔.
Simulating the Machining Operation.
A peripheral end milling operation is assumed in the example problem. The four inner walls of the pocket are machined ͑Fig. 4͒. The assumed machining parameters are given in Table 2 . The maximum forces for the assumed process calculated from the milling process model were 330.94 N ͑tangential͒, 398.11 N ͑radial͒ and 22.84 N ͑axial͒. The corresponding X, Y, Z force components can be easily determined from these values and the position of the tool in the cut. Since the tool makes line contact with the workpiece in this process, a suitable method for distributing the machining forces over the workpiece nodes in the contact region has to be devised. It is assumed here that the machining forces in the X, Y, and Z directions are uniformly distributed over the length of toolworkpiece contact. The forces are discretized and applied to the nodes in this region as shown in Fig. 6 ͑in the example, three nodes were found to be in contact with the tool͒. The milling forces are periodic and therefore the peak force may not coincide with a workpiece node. Consequently, applying the maximum loads at the nodes is a conservative approach.
Selection of Locating and Clamping Regions.
The fixture layout consists of four locators and two clamps on the vertical faces of the workpiece as shown in Fig. 7 . The locator candidate regions are on the Y ϭ0 mm face, and the clamps are on the Y ϭ127 mm face. The coordinate bounds for the locating/clamping regions are given in Table 3 . These regions are chosen based on empirical design principles. The workpiece nodes contained in the candidate regions are input to the optimization algorithm as possible locator and clamping positions.
Boundary Conditions.
For each machining load step, appropriate boundary conditions have to be applied to the finite element model of the workpiece. In this work, the locator nodes are completely constrained while the clamp nodes are constrained only in the transverse direction ͑X and Z͒. Clamping forces are applied in the normal direction ͑Y direction͒ at the clamp nodes. The entire tool path ͑discretized into 14 load steps͒ is simulated for each layout generated by the GA by applying the peak X, Y, Z cutting forces sequentially to the nodes ͑as described in section 5.2͒ over which the cutter passes.
Model Solution Technique.
Finite element analysis involves solving a set of simultaneous linear equations given by:
where ͕F͖ is the vector of applied forces, ͓K͔ is the stiffness matrix obtained after applying the boundary conditions, and ͕X͖ is the vector of nodal elastic deformations. Three methods-LU decomposition, Cholesky factorization and Bi-conjugate gradient method-for solving Eq. ͑4͒ were compared. The bi-conjugate gradient method ͓20͔ was found to be the most efficient and was used in this work. This method avoids calculation of inverses altogether and is very efficient when the matrices involved are in the sparse form, which is the case for the example problem.
Independent Versus Iterative Layout and Clamping Force Optimization
The results of independent layout and clamping force optimization algorithms are considered first. The layout optimization algorithm shown in Fig. 2 was applied to the example problem just described. Since there is no simple rule-of-thumb procedure for determining the clamping force, a large value of the clamping force of 6673.2 N ͑1500 lb͒ was initially assumed to act at each clamp.
Since the layouts generated by the GA are random combinations of the fixture element positions, the program generates a number of layouts that do not completely restrain the fixture under the applied machining loads. Such layouts are considered infeasible and the penalty method, which involves assigning a large objective function value to these layouts, is used to drive the GA to a feasible solution. An infeasible layout results if it does not satisfy Eqs. ͑2͒ and ͑3͒. In order that only stable layouts are considered, the first step of each simulation is conducted with no Transactions of the ASME machining force applied to the workpiece model. This ensures that the workpiece is stable under the action of its own weight and clamping forces. The convergence of the layout optimization algorithm is shown in Fig. 8 . The vertical axis represents the average of the maximum workpiece deformation for the entire population in a given generation. Note that convergence is decided not by the average value but by the criteria discussed in Section 2. The fluctuations in the plot are attributed to the random nature of the GA. The optimum layout obtained is shown in Fig. 9 . The coordinates of the locators/clamps in the optimum layout are given in Table 4 .
The optimum layout shown is found to be intuitive. The locator and the clamps are spread out and positioned near the stiffest regions of the workpiece, which ensures that the deformation caused only by the fixturing forces is low. The best and worst values of the objective function during the course of the GA were 8.39 m and 38.27 m, respectively. The effectiveness of the GA is illustrated by the 4.5 times improvement in the objective function value.
Next, the clamping force optimization algorithm of Fig. 3 was applied to the best layout obtained in the layout optimization step. Figure 10 shows the convergence behavior of the algorithm for this case. The optimum clamping forces were found to be: C1 ϭ1187.7 N ͑267 lb͒ and C2ϭ1041.0 N ͑234 lb͒. The best and the worst objective function values during the clamping force optimization were 3.1 m and 5.68 m, respectively. This represents only 1.5 times improvement in the objective function value.
In practice, layout and clamping force optimization are highly dependent. This is evident from the results obtained from the independent layout/clamping force optimizations. The best solution ͑lowest max. elastic deformation͒ produced by the clamping force optimization algorithm is 3.1 m. This is almost three ͑3͒ times lower than the best layout optimization solution ͑ϭ8.39 m͒. It is also seen that layout optimization followed by clamping force optimization gives a larger improvement in the objective function value ͑from 38.2 m to 3.1 m͒ compared to the improvement obtained by optimizing the layout and clamping force independently. This suggests that an iterative optimization approach alternating between layout and clamping force optimization will yield far superior results. Consequently, the iterative layout and clamping force optimization shown in the flowchart of Fig. 11 is proposed. In order to minimize the computing burden associated with the iterative optimization procedure, the Guyan reduction technique was used. Guyan reduction is a model condensation method for considerably speeding up the finite element model solution process when solving the same model iteratively for different boundary conditions ͓21͔. The Guyan reduction procedure consists of re-writing Eq. ͑4͒ by partitioning ͑and reordering rows and columns, if necessary͒ ͓K͔, ͕X͖ and ͕F͖ as follows:
where ͕Xo͖ represents the degrees of freedom that have a zero net force throughout the solution process, i.e. ͕Fo͖ is a zero vector for all possible cases in the analysis.
Since ͕Fo͖ is a zero vector
Substituting for ͕Xo͖ in Eq. ͑5͒ yields
or ͓K͔͕Xa͖ϭ͕Fa͖
where
The condensed model is exact only for static loading, which is the case considered here. The only drawback of the model condensation procedure is that an approximate scheme for taking into account the effect of workpiece weight becomes necessary. This is done by applying loads at four nodes equally distributed in the volume of the workpiece, such that the net weight acts through the center of gravity. Guyan reduction, when applied to the example fixturing problem, resulted in a model with 137 nodes compared to 756 nodes in the full model. The master degrees of freedom reduced from 2268(756ϫ3) to 411(137ϫ3).
The iterative optimization procedure, when applied to the reduced finite element model of the workpiece, converged in three steps. Convergence is achieved if there is no significant improvement in the objective function in successive layout and clamping force optimization steps. The convergence behavior for the successive optimization steps is shown in Fig. 12 . The computation time for the layout optimization iteration step was 1.4 CPU hrs, while it was 1.0 CPU hr for the clamping force optimization iteration step ͑on a SUN ULTRA 10, 300 MHz, 1 GB RAM station͒. The results for each step in the iterative procedure are given in Table 5 . The final optimized fixture layout is shown in Fig. 13 and its coordinates are given in Table 6 . The final optimum clamping forces found by the iterative algorithm are: C1ϭ1076.5 N͑242 lb͒ and C2ϭ810.0 N͑182 lb͒.
As expected, the layout optimization result is dependent on the clamping forces used and vice-versa. This is evident from the Transactions of the ASME results shown in Table 5 . If the clamping force optimization were carried out only once after layout optimization, the improvement in the objective function value would be limited to approximately 12 times. Alternatively, the iterative layout and clamping force optimization procedure resulted in approximately 19 times improvement. In the optimum layout, the locators and clamps are spread out and positioned near the stiffest regions of the workpiece. It can be seen that as the clamping force decreases, the clamps migrate toward the machining area since the deformation produced by the clamping forces also decreases. This migration effect can be seen in the optimum layout shown in Fig. 13 . Although a rigorous proof of global optimality of the solution is difficult to provide, recent work by DeMeter et al. ͓22͔ has shown that the GA is capable of providing global optimum for similar multi-modal problems.
Conclusions
This paper presented a GA-based iterative fixture layout and clamping force design optimization procedure for a compliant workpiece. It highlights the interdependence of the layout and clamping force optimization steps. This interdependence is illustrated via a 3-D milling fixture design optimization example problem. It is shown that the reduction in workpiece form error ͑in-duced by elastic deformation during clamping and machining͒ is considerably larger with the iterative procedure than with the layout or clamping force optimization alone. Future efforts will focus on extending this technique to incorporate fixture element elasticity and dynamic effects.
